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PISTON ENGINE 

BACKGROUND OF THE INVENTION 

The invention relates to a piston engine comprising at 
least one piston which is movable in a reciprocating 
manner in a gas-?lled cylinder and divides the cylinder 
into a ?rst chamber and a second chamber, while during 
operation a gap is provided between an outer wall of the 
piston and an inner wall of the cylinder, which gap 
communicates the ?rst chamber with the second cham 
ber and is different in size in annular cross-section trans 
verse to the direction of movement of the piston. 

In a known (see Proceedings 12th International Cryo 
genic Engineering Conference, Southampton, United 
Kingdom, July 1988) piston engine of the kind men 
tioned in the opening paragraph, it is found that both 
with an annular circular-cylindrical gap and with an 
annular wedge-shaped gap between piston and cylinder 
a change in the central position of the piston occurs due 
to an inequality between the mass flows (kg per ma 
chine cycle) of the gas moving in one direction through 
the gap and of the gas moving in the opposite direction 
through the gap. The said inequality results in that the 
piston is subjected to a force which is oppositely di 
rected to the direction of the larger mass flow of the 
relevant mass ?ows. Thus, in order to obtain with a 
reciprocating piston not mechanically coupled to a_ 
drive (a so-called free piston) a constant and stable cen 
tral position, the piston must be subjected to a compen 
sation force which is related to the force due to the 
difference in mass flows. In general, this leads to a com 
paratively expensive piston engine, the more so as the 
force caused by the displacement and the instability of 
the central position is not constant, or ?xed, under prac 
tical conditions. 

SUMMARY OF THE INVENTION 

The invention has for its object to provide a piston 
engine in which a constant central position of the piston 
is obtained without the use of special means being re 
quired to this end. 
The piston engine according to the invention is for 

this purpose characterized in that the gap on either side 
of a reversing plane transverse to the direction of move 
ment of the piston has the shape of a wedge, while a 
cross-section of the gap located near a ?rst boundary 
plane of the gap and a cross-section of the gap located 
near a second boundary plane of the gap have a smaller 
surface area than a cross-section of the gap near the 
reversing plane and a pressure difference existing be 
tween the ?rst and the second chamber is substantially 
determined by the pressure difference across the gap 
between the ?rst and the second boundary plane, the 
wedge-shaped form of the gap extending on either side 
thereof beyond the boundary planes of the gap over a 
distance at least equal to half a piston stroke in the cen 
tral position of the piston. 

It has been found that the desired central position of 
a free piston is stable when the net mass ?ow (also 
designated as the piston leak) in the gap per machine 
cycle is a given function of the central position of the 
piston. If for any reason the central position of the pis 
ton should be displaced in a given direction, a piston 
leak should occur in this direction. It has been found 
that the said function is present with a concave-shaped 
gap so that a central position is obtained which is stabi 
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2 
lized in itself and constant. In the desired central posi 
tion, a piston leak no longer occurs. 

It should be noted that the term “reversing plane" is 
to be understood to mean a geometric plane which is 
transverse to the direction of movement of the piston at 
the area at which the cross-section of the gap gradually 
decreases on either side of said plane. 
A particular embodiment of the piston engine, in 

which the concave-shaped gap can be obtained in a 
comparatively simple manner, is characterized in that a 
wedgeshaped gap on one side as well as on the other 
side of the reversing plane is located between a conical 
inner wall of the cylinder and a circular-cylindrical 
outer wall of the piston. 
A further embodiment of the piston engine, which is 

particularly suitable with difference in volume between 
the ?rst and the second chamber, is characterized in 
that, measured in a direction perpendicular to the re 
versing plane, the length of the part of the gap located 
on one side of the reversing plane differs from the 
length of the part of the gap located on the'other side of 
the reversing plane in a central position of the piston. 
A still further embodiment of the piston engine, in 

which the piston can perform simultaneously with a 
translation also a rotation, is characterized in that the 
piston is provided near its two ends with a dynamic 
groove bearing, while the cylinder is provided on either 
side of the reversing plane and between the groove 
bearings with an annular groove connected on the one 
hand to the gap near the boundary planes thereof and on 
the other hand to a communication duct merging into a 
pressure equalization chamber on one side and the other 
side, respectively, of the piston. 
A particular piston engine in the form of a cryo 

cooler is characterized in that the cylinder comprises 
two pistons which are identical, move in operation 
substantially 180° out of phase and enclose a compres 
sion space, which is connected through a regenerator to 
an expansion space, in which a displacer is displaceable, 
a gap being provided between each of the pistons and 
the cylinder, which gap extends on either side of a re 
versing plane transverse to the direction of movement 
of the piston in the form of a wedge and in converging 
manner. 

It should be noted that US. Pat. No. 4,058,382 dis 
closes a hot-gas piston engine having a constant and 
stable central position of the piston. The constant cen 
tral position is obtained here by means of a duct be 
tween a working space and a buffer space, which is 
opened by the piston at given instants in the machine 
cycle. The opened duct causes a so-called dead volume 
which is disadvantageous for the ef?ciency of the piston 
engine. 

Further, US. Pat. No. 4,697,113 discloses a piston 
engine operating as a cryo-cooler having two pistons 
which perform movements shifted in phase by 180°. 
Between each of the pistons and a magnetically con 
ducting core, a double-conical gap is provided, the 
purpose of which is not mentioned. The shape of this 
double-conical gap is opposite to that in the piston en 
gine according to the invention, however, and accord 
ing to the insight on which the invention is based it 
would therefore lead to an unstable piston movement 
with a non-constant and unstable central position of the 
piston. 

Finally, the international patent application 
PCT/U5. 87/01920 published on Feb. 11, 1988 under 
the international publication number WO 88/01036 
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discloses a piston engine having a ton-shaped piston. 
The same remarks apply to this piston engine as to the 
piston engine according to US. Pat. No. 4,697,113. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will be described more fully with ref 
erence to the drawing, in which: 
FIG. 1 is a longitudinal sectional view of a ?rst em 

bodiment of a piston engine having a single stabilized 
piston, 
FIG. 2 is a plan view of a second embodiment of a 

piston engine having three stabilized pistons, 
FIG. 3 is a longitudinal sectional view of a compres 

sion part of the piston engine shown in FIG. 2, 
FIG. 4 is a longitudinal sectional view of an expan 

sion view of the piston engine shown in FIG. 2. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The ?rst embodiment of the piston engine shown in 
FIG. 1 comprises a piston 5, which is movable parallel 
to a center line 1 in a cylinder 3 in a reciprocating man 
ner. The piston is composed of a pipe 9 provided on one 
side with a bottom 7 and a block 11 screwed into the 
pipe 9 opposite to the bottom 7. By means of bolts 13, a 
support cylinder 15 for an electric coil 17 is secured to 
the block 11. The coil 17 forms part of a translation 
motor 19, further comprised of a yoke part 21 and a 
yoke part 23. A ?xedly arranged axially magnetized 
permanent ring magnet 25 is arranged between the 
?xedly arranged yoke parts 21 and 23. The coil 17 is 
displaceable in an annular gap 27 between the yoke 
parts 21, 23 and the permanent magnet 25. 
By means of bolts 25, a cup-shaped circular-cylindri 

cal cover 31 is screwed to the cylinder 3. Within the 
cover 31, the translation motor 19 is arranged. On the 
side remote from the cover 31, a diskshaped plate 33 
having an opening 35 and an annular duct 37 is screwed 
on the cylinder 3. A ?rst gas-?lled chamber 39 is lo 
cated on the lefthand side of the piston 5, while a gas 
?lled second chamber 41 is located on the righthand 
side of the piston 5. A suitable gas is, for example, he 
lium gas. It should be noted that the cover 31 is consid 
ered to form part of the cylinder 3 so that it is divided 
by the piston 5 into the ?rst chamber or compression 
space 39 and the second chamber 41. 
Between the outer wall of the piston 5 and the inner 

wall of the cylinder 3 is provided a gap 43 communicat 
ing the chamber 39 with the chamber 41 and ?lled with 
the same gas as the chambers 39 and 41. The gap 43 
comprises means for causing a leakage of working ?uid 
across the piston in the direction of movement of the 
piston equilibrium position. The cylinder 3 is provided 
with two annular ducts 45 and 47 merging into the gap 
43 and at the same time bounding this gap. The effective 
part of the gap 43 is bounded at the boundary planes 48 
and 50 transverse to the direction of movement of the 
piston at the area of the annular ducts 45 and 47. The 
wedge-shaped form of the gap 43 extends on either side 
thereof over a distance which is at least equal to half the 
piston stroke in the central position of the piston. The 
annular duct 45 is connected through axial ducts 49 and 
51 to the annular duct 37 in the plate 33 communicating 
with the ?rst chamber or pressure equalization chamber 
39, while the annular duct 47 is connected through axial 
ducts 53 and 55 to the second chamber or pressure 
equalization chamber 41. Pressure equalization takes 
place in the gap spaces between cylinder and piston on 
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4 
the lefthand side of the boundary plane 48 and on the 
righthand side of the boundary plane 50. Due to this 
pressure equalization, the condition is ful?lled that the 
pressure difference between the ?rst chamber 39 and 
the second chamber 41 is substantially determined by 
the pressure difference across the gap 43 between the 
boundary planes 48 and 50. A lead can be connected to 
the opening 35 and this lead extends to an expansion 
part of a so-called cryo-cooler, as will be described 
more fully hereinafter with reference to FIGS. 2—4. The 
plate 33 may also be replaced by a plate provided with 
a delivery valve and a suction valve. In this case, a 
piston engine acting as a compressor is concerned. 
On either side of a reversing plane or kink plane 

arranged perpendicular to the center line 1, connected 
to the piston and indicated in FIG. 1 by a dot-and-dash 
line 57, the gap 43 has the form of a wedge, which is 
symmetrical in the central or neutral position shown of 
the piston 5 with respect to the line 57 when the vol 
umes of the ?rst chamber 39 and the second chamber 41 
are equal. It should be noted that, although the gap 43 is 
annular, this need not mean that in each cross-section 
perpendicular to the center line 1 the gap width is con 
stant. This is especially not the case, for example, due to 
the action of the force of gravity with a horizontally 
arranged piston 5. In the piston engine of FIG. 1, the 
gap 43 is not only wedge-shaped, but also conical. This 
form is obtained by a double-conical shape of the piston 
5 between and beyond the annular ducts 45 and 47. In 
each position of the piston 5, the conical shape must 
extend beyond the boundary planes 48 and 50 of the gap 
43 because a fluctuating average flow resistance of the 
gap is necessary. The central wall of the cylinder 3 has 
a circular-cylindrical form. In the absence of a wedge 
shaped gap, the piston 5 is subjected, due to the differ 
ence between the mass flow from the right to the left 
through the gap and the mass flow from the left to the 
right through the gap, per machine cycle to a force in 
the direction opposite to the direction of the larger of 
the two mass flows, or in other words: opposite to the 
direction of the so-called piston leak. 
The parameters determining the extent and the direc 

tion of the piston leak per machine cycle are inter alia: 
the difference between the volumes of the ?rst cham 

ber 39 and the second chamber 41, 
the difference between the phase of each of the pres 

sure ?uctuations on either side of the piston 5 and the 
phase of the piston movement, 

the stroke volume of the piston, 
the frequency of the piston movement, 
the difference between the average pressures on ei 

ther side of the piston 5. 
It should be noted that the term “machine cycle” is to 

be understood to mean a period of time elapsing during 
a complete reciprocating movement of the piston in a 
state of equilibrium. It has been found that in each com 
bination of the ?ve parameters mentioned above, a con 
cave-shaped form of the gap 43 can be found which 
prevents a displacement of the piston from the desired 
central position. The dimensions of the gap can be de 
termined by experiments and calculations based on the 
insight that by the shape of the gap 43 a net mass flow 
or piston leak per machine cycle must be produced in 
the direction of the displacement of the central position 
that would take place in the absence of a wedge form. 

It has been found that the stabilizing effect of the 
concave-shaped gap 43 can be demonstrated by adding 
to the alternating current for energization of the coil 17 
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of the translation motor 19 a direct current component 
which changes the central position of the piston 5 and 
by then observing what happens when the direct cur 
rent component is removed again. For this purpose, the 
piston engine shown in FIG. 1 is provided with an 
inductive position sensor 59. The latter has a pipe 
shaped housing 61 which is secured by bolts 63 to the 
cover 31. A steel pin 65 forming part of the position 
sensor 59 and screwed into the metal block 11 is passed 
through an opening 67 of the cover 31 and is provided 
at an end located within the holder 61 and surrounded 
by a coil system 69 with a soft-iron core 71 subjected to 
the same displacement as the piston 5. A control coil 73 
of the coil system 69 is energized with a high-frequency 
control current so that an alternating current is induced 
in two induction coils 75 and 77. Displacement of the 
core leads to a variation of the induction currents in the 
coils 75 and 77, which is a measure for the position of 
the piston 5. 
A starting situation is assumed in which the pressure 

in the chambers 39 and 41 is equal and in which no 
external pressure ?uctuation is admitted through the 
opening 35. By adding a direct current component to 
the alternating current by which the coil 17 of the trans 
lation motor 19 is energized and by then removing this 
component again after some time, it can be ascertained 
by the position sensor 59 what is the reaction of the 
piston on a change of the central position with respect 
to the original central position (neutral position) indi 
cated by the line 57. After a displacement of the central 
position caused by the direct current component, a 
difference in average pressure proves to occur between 
the ?rst chamber 39 and the second chamber 41. This is 
detected by a pressure sensor 79 at the lefthand bound 
ary plane of the gap 43 and by a pressure sensor 81 at 
the righthand boundary plane thereof. The pressure 
sensors 79 and 81 are connected to the annular ducts 45 
and 47, respectively. After the direct current compo 
nent has been removed from the energizing current of 
the translation motor 19, the piston 5 returns to its origi 
nal central position at the area of the line 57. At the 
instant of return, the average pressures on either side of 
the piston 5 measured by the pressure sensors 79 and 81 
are equal again. The force which caused the piston 5 to 
return to its original central position was supplied by 
the pressure difference across the piston produced by 
the displacement of the central position. Thus, the origi 
nal central position is found to be a stable position. 

It has been found that, when in the same manner as 
already described direct current components of differ 
ent values are added to the energizing current of the 
translation motor 19 and when these direct current 
components are maintained, new stable and constant 
central positions are obtained. This means that devia 
tions from the desired central position due to manufac 
turing tolerances or influences of the gravity force can 
be compensated for by means of a direct current com 
ponent adjusted for one time in the energizing current. 

In the piston engine shown in FIG. 1, the piston 5 can 
be provided at the ends of the pipe 9 with spiral groove 
bearings 83 and 85 for an optimum centering of the 
piston 5 in the cylinder 3. The rotation motor required 
for this purpose may be of the kind described in Euro 
pean Patent Application No. EP-Al-O223288 which 
corresponds to US. Pat. No. 4,799,421. The axial ducts 
(49, 51) and (53, 55) serve in this case at the same time 
for pressure equalization across the spiral groove bear 
ings 83 and 85. The axial position of the annular ducts 45 
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6 
and 47 determines not only the length over which pres 
sure equalization takes place, but also the effective 
length of the stabilization gap 43 indicated in FIG. 1 by 
a letter L. The wedge-shaped and conical gap 43 can be 
obtained, as in the engine shown in FIG. 1, by means of 
a circularcylindrical inner wall of the cylinder and a 
conical piston, but also by means of a circularcylindri 
cal piston and a conical inner wall of the cylinder. Such 
a sleeve-shaped cylinder can be manufactured without a 
machining operation by subjecting the cylinder inter 
nally to gas pressure in a jig. A chamber in the cylinder 
3 may also be used as ajig for a cylinder lining, which 
is shaped into the desired wedge form by means of gas 
pressure. Pressure equalization can now be obtained by 
annular ducts in the piston, which are connected 
through axial ducts to the ?rst and the second pressure 
equalization chamber. 
The second embodiment shown in FIGS. 2 to 4 of the 

. piston engine according to the invention relates to a 
so-called cryo-cooler 87 with free pistons. The com 
plete cryo-cooler 87 shown in FIG. 2 has a compression 
part 89 and an expansion part 91 coupled to each other 
through a pipe 93. The compression part 89 shown in 
FIG. 3 is symmetrical with respect to a line 95, on both 
sides of which a piston engine is present operating ac 
cording to the principle described with reference to 
FIG. 1, i.e. a piston engine 97 and a piston engine 99. 
The piston engine 97 and 99 are coupled to each other 
by means of a connection ring 101 and bolts 103. In the 
two piston engines 97 and 99, pistons 105 and 107, re 
spectively, are provided, which can move in a recipro 
cating manner and are composed of circular-cylindrical 
tubes (109, 111) and bottoms 113, 115 connected 
thereto. The pistons 105, 107 are arranged in housings 
117 and 119, respectively, which are closed by covers 
121, 123. Circular-cylindrical sleeves 125, 127 of, for 
example, cobalt iron are secured on the pistons 105, 107. 
Each of the sleeves 125, 127 serves as a support for two 
annular permanent magnets 129, 131 and 133, 135, re 
spectively, of, for example, samarium cobalt. The per 
manent magnets 129, 131 and 133, 135 are freely dis 
placeable along the circular-cylindrical inner wall of 
coil formers 137 and 139, respectively, on which coils 
141, 143 and coils 145, 147 are secured, which are en 
closed in sleeves 149, 151 of, for example, cobalt iron. 
The two assemblies constituted by the sleeves 125, 127, 
the radially magnetized permanent magnets 129, 131, 
133, 135, the coils 141, 143, 145, 147 and the sleeves 149, 
151 act as translation motors 153, 155 of the brushless 
direct current type for the translatory movement of the 
pistons 105, 107. 
Between the bottoms 113 and 115 of the pistons 105 

and 107 is present a compression space 157, which is 
?lled with a gaseous working medium, such as, for 
example, helium. The compression space 157 is con 
nected by means of the pipe 93 to the expansion part 91 
of the cryo-cooler already mentioned and shown in 
FIG. 4. The connection ring 101 is provided with a 
radial duct 159 connected to ‘the pipe 93. The covers 
(121, 123) are provided with circular-cylindrical man 
drels in the form of circular guides 161 and 163, respec 
tively, for the pistons 105, 107. The guides 161, 163 are 
concentrically arranged with respect to the pistons 105, 
107. The center lines of the pistons 105, 107 and the 
guides (161, 163) substantially coincide with a center lie 
165 of the compression part 89 of the cryo-cooler 87. 
On the circular-cylindrical outer surfaces of the guides 
161, 163 are disposed herringbone-shaped groove pat 
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terns 167, 169 and 171, 173, respectively, which consti 
tute radially acting pairs of dynamic groove bearings. 
The guides (161, 163) in the form of a ?xedly arranged 
mandrel passed into the pistons (105, 107) carry ?xedly 
arranged coils (175, 177) near their ends facing the bot 
toms (113, 115). Within the coils (175, 177) annular 
radially magnetized permanent magnets (179, 181) of 
samarium cobalt are disposed, which are secured 
through cobalt iron rings (183, 185) on tube-shaped 
supports 187, 189, which are integral with the bottoms 
113, 115. The coils (175, 177) are enclosed in cobalt iron 
sleeves (191, 193). The two assemblies constituted by 
the sleeves (191, 193), the coils (175, 177), the multiple 
permanent magnets (179, 181) and the rings (183, 185) 
act as rotation motors (195, 197) of the brushless direct 
current type for the rotary movement of the pistons 
(105, 107), which is required to obtain a radial dynamic 
gas bearing at the area of the groove patterns (167, 169, 
171, 173). . 
On the inner wall of the housings (117, 119), bushings 

(199, 201) are secured, along whose inner wall the pis 
tons (105, 107) are freely displaceable. Between the 
bushings (199, 201) and the pistons (105, 107) are dis 
posed wedge-shaped or conical gaps 203, 205 of the 
same kind as the gap 43 in the piston engine shown in 
FIG. 1. The gaps (203, 205) separate the compression 
space 157 from the dynamic groove bearings (167, 171). 
Also in the compression part 89 described of the cryo 
cooler 87 comprising two pistons 105, 107 performing in 
operation movements shifted in phase by 180°, the gaps 
(203, 205) prevent a displacement of the central position 
of the piston 105 and/or the piston 107. The annular 
gaps (203, 205) are formed by a kinked double-conical 
widening of the bushings (199, 201), while the axial 
length L of the gaps (203, 205) is obtained by ridges 
(207, 209) having a length L in the wall of the pistons 
(105, 107). 
As stated, the compression part 89 of the cryo-cooler 

87 is connected through a pipe 93 to the expansion part 
91. The pipe 93 is connected via a channel 211 and a 
further annular channel 213 in a housing 215 to a cooler 
217, a regenerator 219, a freezer 221 and an expansion 
space 223 above a substantially circular-cylindrical dis 
placer 225. The expansion space 223 is closed on the 
upper side by a cover 227, which is soldered to a pipe 
229. On its lower side, the pipe 229 is screwed into a 
ring 231, which is secured by bolts to a holder 233 for a 
heat exchanger 235, which forms part of the cooler 217. 
The holder 233 is provided with ducts 237 and 239 for 
supply and discharge of a cooling liquid. The holder 233 
is secured by bolts to the housing 215. Since the pres 
sure surface exposed to the working medium of ?uctu 
ating pressure is different on the upper and the lower 
side of the displacer 225 due to the presence of a pipe 
shaped prolongation 241 reaching into a gas spring 
space 243, in which the average pressure prevails, an 
individual driving motor for the displacer 225 may be 
dispensed with. Such a driving motor is desirable, how 
ever, under given circumstances. In this case, an electri 
cal translation motor may be used at the area of the 
prolongation 241. Between the pipe-shaped prolonga 
tion 241 and an abutment or limiting ring 245 mounted 
in the housing is provided a wedge-shaped or double 
conical gap 247 having the same function as the gaps 43 
(FIG. 1) and 203 (FIG. 2) already described above. The 
length L of the gap 247 is obtained by an annular part 
249 having a length L of the ring 245, which is formed 
by providing a shoulder 251. In the manner described, a 
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8 
cryo-cooler 87 is obtained comprising three pistons 
stabilized by wedge-shaped gaps (the displacer 225 is 
considered to be a piston). 

In a particular embodiment of the piston engine, the 
length of the part of the gap located on one side of the 
reversing plane differs from the length of the part of the 
gap located on the other side of the reversing plane. 
TI-Ie said lengths are measured in a direction perpendic 
ular to the reversing plane. In order to avoid repetitions 
as far as possible, a piston engine with such a gap is not 
shown in the drawing. Due to the difference in length of 
the gap parts, an additional force is exerted on the pis 
ton, by which the influence of the force of gravity with 
a vertically arranged piston can be compensated for. 
Such an additional force may also be obtained in that 
with the same length of the said gap parts the conicity 
on either side of the reversing plane is chosen to be 
different. 

It should be noted that in the piston engine shown in 
FIG. 1 the ?rst chamber 39 and the second chamber 41 
act as pressure equalization chambers for the spiral 
groove bearings 83 and 85. Without pressure equaliza 
tion across the spiral groove bearings 83 and 85 by 
means of the axial ducts (49, 51, 53, 55) and the annular 
ducts 45 and 47 connected to the gap 43, the bearings 
would not act optimally. 

In the second embodiment of the piston engine shown 
in FIGS. 2 to 4, the compression space 157 acts as the 

‘ ?rst chamber for both pistons 105 and 107, while the 
spaces on the other side of the gaps 203 and 205 act as 
the second chamber; In general, the volume of the sec 
ond chamber is such that the so-called average pressure 
prevailing therein substantially does not ?uctuate so 
that this chamber acts as a buffer chamber. The wedge 
shaped converging gaps 43, 203 and 205 otherwise do 
not lose their stabilizing property when pressure fluctu 
ations occur on either side of the pistonsv Gaseous 
working medium is also pumped to that side of the 
piston on which a displacement of the central position 
occurs in those conditions in which no buffer chamber 
is present on one of the piston sides. 

Besides the conical gaps described, many kinds of 
other wedge-shaped gaps are possible as long as the 
condition is ful?lled that the size of the surface area of 
a cross-section of the gap decreases from the reversing 
plane to the two boundary planes of the gap and the 
average flow resistance of the effective part of the gap 
is operative during the piston movement. Therefore, the 
gap converges to its both ends. Cup-shaped gaps with 
out a sharp kink at the area of the reversing plane are 
therefore also possible. Instead of spiral groove bearings 
for centering the piston in the cylinder, ceramic bush or 
sliding bearings may be used. which are secured on the 
piston near the two ends. 

In a piston engine shown in FIG. 1, the gap length (L) 
amounted to 110 mm, the maximum diameter of the 
piston was 35 mm, the minimum gap width was 15 um 
and the maximum gap width at the area of the reversing 
plane as 30 pm. The gap width in the spiral groove 
bearings is 9 pm and that in substituting bush or sliding 
bearings is 5 to 10 pm. In case pressure equalization 
without annular ducts and axial ducts is desired, the gap 
width on the lefthand side and on the righthand side of 
the boundary surfaces 48 and 50 must be at least 1 mm. 

Finally, it should be noted that pressure equalization 
or, in other words, a smallest possible pressure gradient 
across the gap parts on the lefthand side and on the 
righthand side of the effective part L of the gap, may 
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also be obtained by a connection of these gap parts with 
chambers other than the ?rst and second chambers. In 
these other chambers, the working pressures of the ?rst 
and the second chamber, respectively, must then pre 
vail. 
We claim: 
1. An apparatus comprising a piston which is recipro 

cable in a gas-?lled cylinder and divides the cylinder 
into a ?rst chamber and a second chamber, between 
which chambers a gas pressure difference exists during 
piston reciprocation, the outer wall of the piston and an 
inner wall of the cylinder de?ning a gap therebetween 
which gap communicates the ?rst chamber with the 
second chamber and is different in size in annular cross 
sections transverse to the direction of movement of the 
piston, characterized in that: 
The gap is concave and on either side of a reversing 

plane transverse to the direction of movement of the 
piston the gap is tapered such that a cross-section of the 
gap located near a ?rst boundary plane of the gap and a 
cross-section of the gap located near a second boundary 
plane of the gap have a smaller surface area than a 
cross-section of the gap near the reversing plane of the 
gap, and the pressure difference across the gap between 
the ?rst and the second boundary plane is substantially 
equal to the pressure difference between the ?rst and 
second chambers, the tapered form of the gap extending 
on either side thereof beyond the boundary planes of 
the gap over a distance at least equal to half a piston 
stroke in the central position of the piston. 

2. An apparatus as claimed in claim 1, characterized 
in that the tapered gaps on both sides of the reversing 
plane are located between a conical inner wall of the 
cylinder and a circular-cylindrical outer wall of the 
piston. 

3. An apparatus as claimed in claim 2, characterized 
in that, measured in a direction perpendicular to the 
reversing plane, the length of the part of the gap located 
on one side of the reversing plane differs from the 
length of the part of the gap located on the other side of 
the reversing plane in the central position of the piston. 

4. An apparatus as claimed in claim 2, characterized 
in that the piston is provided near its two ends with a 
pattern of grooves for forming a dynamic groove bear 
ing with the cylinder, and the cylinder further compris 
ing an annular groove on either ‘side of the reversing 
plane and between the groove bearings, said annular 
groove being connected to the gap near the respective 
boundary plane and to a communication duct merging 
into a pressure chamber on the respective side of the 
piston. 

5. An apparatus as claimed in claim 4, further com 
prising an expansion chamber, a displacer displaceable 
in said expansion chamber, and regenerator connected 
to said expansion chamber, characterized in that: the 
cylinder comprises two pistons which are identical, 
move in operation substantially 180° out of phase and 
enclose between them a compression space, the com 
pression space being connected through the regenerator 
to the expansion chamber, a gap being provided be 
tween each of the pistons and the cylinder, each gap 
extending on either side of a reversing plane of the 
respective gap transverse to the direction of movement 
of the piston in the form of a wedge and in a converging 
manner. 

6. An apparatus as claimed in claim 1, characterized 
in that, measured in a direction perpendicular to the 
reversing plane, the length of the part of the gap located 
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on one side of the reversing plane differs from the 
length of the part of the gap located on the other side of 
the reversing plane in the central position of the piston. 

7. An apparatus as claimed in claim 1, characterized 
in that the piston is provided near its two ends with a 
pattern of grooves for forming a dynamic groove bear 
ing with the cylinder, and the cylinder further compris 
ing an annular groove on either side of the reversing 
plane and between the groove bearings, said annular 
groove being connected to the gap near the respective 
boundary plane and to a communication duct merging 
into a pressure chamber on the respective side of the 
piston. plane of the respective gap 

8. An apparatus as claimed in claim 7, further com 
prising an expansion chamber, a displacer displaceable 
in said expansion chamber, and regenerator connected 
to said expansion chamber, characterized in that: the 
cylinder comprises two pistons which are identical, 
move in operation substantially 180° out of phase and 
enclose between them a compression space, the com 
pression space being connected through the regenerator 
to the expansion chamber, a gap being provided be 
tween each of the pistons and the cylinder, each gap 
extending on either side of a reversing plane transverse 
to the direction of movement of the piston in the form 
of a wedge and in a converging manner. 

9. An apparatus as claimed in claim 3, further com 
prising an expansion chamber, a displacer displaceable 
in said expansion chamber, and regenerator connected 
to said expansion chamber, characterized in that: the 
cylinder comprises two pistons which are identical, 
move in operation substantially 180° out of phase and 
enclose between them a compression space, the com 
pression space being connected through the regenerator 
to the expansion chamber, a gap being provided be 
tween each of the pistons and the cylinder, each gap 
extending on either side of a reversing plane of the 
respective gap transverse to the direction of movement 
of the piston in the form of a wedge and in a converging 
manner. , 

10. An apparatus as claimed in claim 2, further com 
prising an expansion chamber, a displacer displaceable 
in said expansion chamber, and regenerator connected 
to said expansion chamber, characterized in that: the 
cylinder comprises two pistons which are identical, 
move in operation substantially 180° out of phase and 
enclose between them a compression space, the com 
pression space being connected through the regenerator 
to the expansion chamber, a gap being provided be 
tween each of the pistons and the cylinder, each gap 
extending on either side of a reversing plane of the 
respective gap transverse to the direction of movement 
of the piston in the form of a wedge and in a converging 
manner. 

11. An apparatus as claimed in claim 1, further com 
prising an expansion chamber, a displacer displaceable 
in said expansion chamber, and regenerator connected 
to said expansion chamber, characterized in that: the 
cylinder comprises two pistons which are identical, 
move in operation substantially 180° out of phase and 
enclose between them a compression space, the com 
pression space being connected through the regenerator 
to the expansion chamber, a gap being provided be 
tween each of the pistons and the cylinder, each gap 
extending on either side of a reversing plane of the 
respective gap transverse to the direction of movement 
of the piston in the form of a wedge and in a converging 
manner. 
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12. An apparatus as claimed in claim 2, characterized 
in that the cylinder comprises two pistons which are 
identical, move in operation substantially 180° out of 
phase and enclose a compression space, which is con 
nected through a regenerator to an expansion space, in 
which a displacer is displaceable, a gap being provided 
between each of the pistons and the cylinder, which gap 
extends on either side of a reversing plane transverse to 
the direction of movement of the piston in the form of 
a wedge and in a converging manner. 

13. An apparatus as claimed in claim 1, wherein the 
tapered gaps on each side of the reversing plane have a 
linear taper. 

14. An apparatus as claimed in claim 2, wherein the 
tapered gaps on each side of the reversing plane have a 
linear taper. 

15. An apparatus as claimed in claim 3, wherein the 
tapered gaps on each side of the reversing plane have a 
linear taper. 

16. An apparatus comprising: 
a cylinder having a cylinder wall de?ning a cylinder 

axis and having a working ?uid; 
a free piston having an outer wall and reciprocable in 

‘ said cylinder, a ?uid pressure difference existing 
across said piston during piston reciprocation, said 
piston having a clearance fit with said cylinder 
forming a leakage path between said piston outer 
wall and said cylinder wall allowing leakage of 
working ?uid across the piston during piston recip 
rocation, the ?uid pressure difference causing an 
inequality in the mass flow of the working ?uid in 
opposite directions per reciprocation cycle causing 
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the position equilibrium piston to shift from a ?xed 
cylinder position, the improvement comprising: 

the geometry of the piston outer wall and cylinder 
inner wall comprising means for causing a leakage 
of working ?uid across the piston in the direction 
of movement of the position equilibrium piston for 
equalizing the mass ?ow of the working ?uid and 
restoring the position equilibrium piston to the 
fixed cylinder position during each reciprocation 
cycle. 

17. An apparatus as claimed in claim 16, wherein said 
piston outer wall and said cylinder wall form a concave 
gap in which the cross-sectional area of the gap trans 
verse to the cylinder axis decreases in the direction of 
the gap ends from a reversing plane of the gap located 
between the gap ends. 

18. An apparatus as claimed in claim 17, wherein said 
cylinder wall is circular cylindrical and said piston wall 
has a conical shape on either side of the reversing plane. 

19. An apparatus as claimed in claim 18, wherein the 
length of the gap on one side of the reversing plane is 
greater than the length of the gap on the other side of 
the reversing plane. 

20. An apparatus as claimed in claim 17, wherein the 
length of the gap on one side of the reversing plane is 
greater than the length of the gap on the other side of 
the reversing plane. 

21. An apparatus as claimed in claim 17, wherein the 
tapered gaps on each side of the reversing plane have a 
linear taper. 

*l * i i i 


